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In the present work we analyze the influence of the charge-ordering on the magnetocaloric effect 
of Pri-^CazMnOs manganites. The results for the samples with x <0.30 present the usual ferro- 
magnetic behavior, peaking at the Curie temperature To- In contrast, for the samples above the 
onset concentration for the charge-ordering (x ~0.30), an anomalous magnetic entropy change was 
observed below the charge-ordering temperature Tco, persisting for lower temperatures. This ef- 
fect is associated to a positive contribution to the magnetic entropy change due to charge-ordering, 
which is superimposed to the negative contribution from the spin ordering. We found that the 
charge-ordering component peaks at Tn and is negligible above Tco- Moreover, around T* (tem- 
perature below which the insulator-metal transition induced by magnetic field becomes completely 
irreversible, where the system remains in such state even after the external magnetic field has been 
removed), we found extremely large values for the magnetic entropy change, establishing a 'colossal' 
magnetocaloric effect on CMR manganites. 

PACS numbers: 75.30. Sg, 75.47.Lx, 75.47.Gk 
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INTRODUCTION 



X 



The magnetocaloric effect (MCE) is intrinsic to magnetic materials, and is induced via coupling of the magnetic 
sublattice with the magnetic field, which alters the magnetic part of the total entropy due to a corresponding change 
of the magnetic field. The MCE can be estimated via the magnetic entropy change AS M (T, AH), and is a function 
of both, temperature T and the magnetic field change AH, being usually recorded as a function of temperature, at a 
constant AH. In addition, the MCE has a significant technological importance, since magnetic materials with large 
MCE values could be employed in various thermal devices^. 

The magnetic entropy is related to the magnetization M, magnetic field strength H and absolute temperature T 
through the Maxwell relation^: 
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Hence, AS M (T, AH) can be numerically calculated for any temperature, using Eq[51and the measured magnetization 
as a function of magnetic field and temperature. Generally, since temperature stabilization is the longest step in 
the process of collecting magnetization data, the measurements are usually carried out isothermally by varying the 
magnetic field, for a range of temperature values. 

Several authors, through many decades, have studied the magnetocaloric effect in a large variety of magnetic 
materials. However, more recently, an enormous amount of WO rli2iiiSi£iL2i2iiSiiiii2iiiiiiiLiSiiLiS were devoted to 
explore the MCE in the mixed- valency manganites AMnC>3, where A is a trivalent rare-earth mixed with a divalent 
alkaline-earth. 



Particularly interesting as candidates to technological applications are the Pri-^Ca^MnOa manganites, since their 
phase diagram exhibit a rich variety of magnetic, electric and crystallographic structures. In this direction, we aim to 
explore the magnetocaloric effect through the concentration range of phase competition between the antiferromagnetic- 
insulator-charge-ordered state and ferromagnetic-insulator state, and analyze the influence of the charge ordering on 
the magnetocaloric properties of these compounds. 

Hence, the next section is devoted to a brief survey of the magnetic, electric and crystallographic properties of the 
Pri-^Ca^MnOs manganites. Following, the section after is dedicated to the experimental details. In section IWl a 
complete description of the experimental results is given, with a thorough discussion and analysis in the following 
sections. 



II, A BRIEF SURVEY 

For x <0.30 an orthorhombic O' <a<b) crystal structure establishes below 950 K, for x =0.0, and 325 K, 

for x ~0.30, whereas for 0.30< x <0.75 the crystal phase arisen is a pseudo-tetragonal compressed T (c/v2 <a), for 
temperatures below the onset temperature for the charge-ordering Tco- For high temperatures, the crystal phase is 
always orthorhombic of O type (a~b~c/-\/2)^- For x ~0.30, at low temperatures, a strong crystal phase competition 
arises between the orthorhombic O' and the pseudo-tetragonal compressed T— . 

However, the phase coexistence around x ~0.30 is not limited to the crystallographic aspects, but a remark- 
able electric 2 ^ and magneti o 21 i 22 ' 2 ^ 24 i 2 ^ 2 ^ 2 7i 2 ffi 2 S phase competition can also be found. In this direction, neutron 
diffraction 2 ^ and muon spin relaxation (^SR) 2 ^ recognized, for x ~0.30, two magnetic transition, around 140 K 
and 120 K. The first transition, at higher temperature, corresponds to the antiferromagnetic arrangement, and the 
other represents an ferromagnetic contribution. Hence, two different interpretations are, in principal, possible: two 
separated magnetic phases with different critical temperatures, or, alternatively, a collinear-antiferromagnetic phase 
with Tjv at higher temperature, with an additional magnetic transition to a canted-antiferromagnetic structure, at 
lower temperature. However, de Gennes^fi stressed out that an uniform canting can be achieved only in the presence 
of free carriers, i.e., in a metal, whereas the present system is an insulator. Bound carriers would give rise to a 
local ferromagnetic distortion of the spin system, which would therefore become inhomogeneous^fi. In an insulator, 
the bound electrons would form small ferromagnetic cluster in a antiferromagnetic matrix, and the cluster of spins 
would then align parallel to each other at To^ 2 -. Additionally, the presence of the phase boundary between two 
different crystallographic types (O' and T) , lead us to conclude that the coexistence of two phases is more probable 
than a canted-antiferromagnetic structure. Finally, NMRp&, /LtSR 2 ^ and neutron diffractio n 1 !?! 22 , add and support our 
suggestion. Thus, this view will be assumed in the further discussions. 

For x <0.15, a spin-canted insulator CI phase establishes below 100 Kl2i2±i2£i2&, whereas for 0.15< x <0.30 a 
ferromagnetic insulator FMI phase arises, with Curie temperature around 120 K 21 i 2 fii 2 7i 2 fi . For 0.30< x <0.80, an 
antiferromagnetic- insulator AFMI phase arises for temperatures typically below 170 K 1 Si 2 fii 2 T , coexisting with a charge- 
ordered CO state with onset temperature Tco between 210 K, for x=0.30, and 170 K, for x=0.8C 27 . Additionally, it 
is well establishediSi22i2^ that the clusters embedded in the antiferromagnetic matrix achieve the ferromagnetic order 
around 110 K, for x =0.30, and 42 K, for x — 0.402&. In this direction, our recent work using NMR2&, gives the 
ferromagnetic fraction within the antiferromagnetic matrix, as a function of Ca content, x. 

For temperatures below than a characteristic temperature T*, ranging from 60 K for x =0.30 and 20 K for x =0.35^, 
the application of a magnetic field induces a first-order and completely irreversible transition to a fully ferromagnetic- 
metallic FMM stat o 21 ' 2 ^ 1 ^ 2 , where the system remains in such state even after the external magnetic field has been 
removed. However, for temperature ranges T* <T<Tco, the system return to the insulator state, with hysteresis, 
after the increase-decreasing magnetic field cycle. The strong hysteresis associated with this transition is indicated 
by the shaded region in the H — T diagram sketched in figure 1, for x =0.35. Additionally, this insulating state can 
also be driven metallic by an applied electric fiel d^'i? 4 , high pressure 35 , visible ligh t^'^7 or x-ra y 22 '^ . 

However, all values mentioned above are slightly dependent on the sample preparation procedure, and the differences 
in results can be attributed to the grain sizeiS^iSiil, oxygen content 4 ^ 4 ^ 4 ^ 4 * 4 ^, vacancy on the lattice 4 ^, etc. 
Additionally, the phase diagram presented here (figure 2), is not completely established, since the magnetic structure 
for several values of Ca concentration x is still a matter of discussio n 21 i 22 i 2 i?i 24 i 2 fti 2 fii 2 Ti 2 fii 2 ff . 



III. EXPERIMENTAL PROCEDURE 

The samples x — 0.20, 0.25, 0.30, 0.32, 0.35 and 0.40, were prepared by the ceramic route, starting from the stoi- 
chiometric amount of Pr2C>3 (99.9 %), CaCOa (>99 %) and MnCb (>99 %), and heated in air, with five intermediate 
crushing/pressing steps. The final crushed powders were compressed and sintered in air at 1350 °C during 45 hours, 
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FIG. 1: H — T phase diagram for Pri-zCa^MnOS, with x =0.35. The insulator-metal transition induced by an external 
magnetic field is reversible, with hysteresis, for temperatures between Tco and T*, as indicated by the shaded area. Below T*, 
the insulator state can also be driven metallic, and kept in this state even after the magnetic field have been removed. After 
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FIG. 2: Magnetic and electric phase diagram for Pri-zCa^MnOs manganites. PMI - paramagnetic insulator; CI - spin canted 
insulator; FMI - ferromagnetic insulator; CO AFMI - charge-ordered antiferromagnetic insulator. 



with a subsequent fast freezing of the samples. X-ray diffraction patterns confirmed that the samples lie in the Pbnm 
space group, without vestige of spurious phase. 

The temperature and external magnetic field dependence of the magnetization were carried out using a commercial 
SQUID magnetometer. The data were acquired after the sample had been zero-field cooled, under the isothermal 
regime (M vs. H curves), varying the applied magnetic field from zero up to 50 kOe, and temperature ranges from 
10 K up to 400 K. After each M vs. H curve, the sample was heated without the influence of the external magnetic 
field. For the DC-susceptibility Xdc (=M/H at low field), the measurements were performed at a fixed magnetic field 
(H=10 Oe), sweeping the temperature. 




T(K) 

FIG. 3: Left axis: zero-field-cooled (ZFC) and field-cooled (FC) DC-susceptibility Xdc (=M/H, with H=10 Oe) as a function 
of temperature, for x =0.20. Right axis: temperature dependence of the inverse of the DC-susceptibility. 



IV. RESULTS 

In this section we will describe the field and temperature dependence of the magnetization M(T,H), since it is one 
of the best experimental tools to understand the magnetocaloric potential of the system under study. 

The zero-field-cooled (ZFC) and field-cooled (FC) DC-susceptibility Xdc (=M/H, with H=10 Oe), were measured 
for all samples available. We observed a similar behavior for those below the onset concentration for charge or- 
dering (x ^0.30), with a well defined transition from the paramagnetic to the ferromagnetic phase. While the 
DC-susceptibility Xdc> after field cooling, increase with decreasing temperature, after the sample had been zero- 
field-cooled, it keeps an almost temperature independence feature. Additionally, from the quantity l/xnc, we could 
observe the usual Curie- Weiss law, allowing to estimate the value of the paramagnetic effective moment p e ff and 
the paramagnetic Curie temperature 9 p . Thus, figure 3 sketched the behavior above described, representative for all 
samples x <0.30. 

On other hand, for x >0.30 the DC-susceptibility change its slope when the sample is cooled down through the CO 
transition, implying in two different Curie- Weiss law, depending on the temperature range: one for T>Tco and other 
for T^ <T<Tc7o- This behavior, already reported™, is illustrated in figure 4, for x =0.40. In addition, a well defined 
transition from the paramagnetic phase to the antiferromagnetic phase are also observed, as well as the characteristic 
temperature T*, below which the field- induced insulator- metal transition is completely irreversible (see section ITTfl . 
The quantities obtained from the analysis of the DC-susceptibility are summarized on table I. Figure 5 sketched the 
concentration dependence of (a) the paramagnetic Curie temperature 9 P and (b) the paramagnetic effective moment 
Peff - The two branches curve displayed is consequence of the two Curie- Weiss law found for x >0.30. 

The temperature and field dependence of the magnetization M(T,H) were also measured for all samples. From 
the data analysis of the several M vs. H isotherms, we could build the curves for the thermal dependence of the 
magnetization, at a fixed magnetic field. For x =0.20, as the temperature is further decreased, one observes that the 
magnetization starts to increase faster below 100 K, peaking at around 35 K, as displayed in figure 6(a). It can be 
related to the vicinity of this sample to the onset concentration to spin-canted order (x <0.15) 21 i 2 fi . On the other 
hand, for x =0.25 and 0.30 an usual behavior for the thermal dependence of the magnetization is found, as in figure 
6(b). 

However, for Ca concentration x above the onset concentration for charge ordering (x ~0.30), the temperature 
dependence of the magnetization have interesting features. For x =0.32, for instance, the two peaks around 220 K 
and 130 K correspond to the establishment of the charge ordering and the antiferromagnetic spin ordering, respectively, 
in accordance with several work a 21 i 26 , including those using neutron diffractioni&^SiiLiS. As the temperature is further 
decreased, we can verify a remarkable increasing of the magnetization below 50 K, peaking at around T*=26 K, with 
a subsequent lost of magnetic moment, reaching 40 emu/g at 5 K and 40 kOe. A similar behavior had been found 
for all samples with x >0.30. This features, that can be seen in figure 7 for (a) x =0.32 and (b) x =0.40, was already 
observed for x —0.37^. 

For all measurements, when the magnetic field is turned off, it oscillates around zero field in order to avoid residual 
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PIG. 4: (a) Temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC) DC-susceptibility Xdc (=M/H, with 
H=10 Oe), for x =0.40. (b) Temperature dependence of the inverse of the DC-susceptibility, with two distinct Curie- Weiss 
law: one for T>Tco, and other for Tjv <T<Tco- 



field to the next M vs. H curve. If this procedure is not performed, a remarkable difference is found for the 
magnetization values at low temperatures. The M vs. T curves also peaks around T*=26 K, although keeps a high 
magnetization value for temperature below the peak (80 emu/g for 5 K and 40 kOe). This feature can be seen in the 
inset of the figure 7(a). 

Following, the next section is devoted to analyze the influence of the charge-ordering on the magnetocaloric effect, 
which will be derived from the magnetization data, using Eq[2l 



V. INFLUENCE OF THE CHARGE-ORDERING ON THE MAGNETOCALORIC EFFECT 

In the previous sections, we provided detailed information referred to the magnetic properties of the Pri-zCazMnOa 
manganites. The aim of this section is the discussion concerning the analysis of the magnetocaloric potential of these 
manganites, obtained from the previously presented magnetic data. 



A. MCE around T crit 



The magnetic entropy change A5 M (T) can be estimated using Eq|2j and are sketched in figure 8 for all samples 
available (x =0.20; 0.25; 0.30; 0.32; 0.35; 0.40). 




FIG. 5: (a) Paramagnetic Curie temperature 9 P and (b) paramagnetic effective moment p e ff as a function of Ca content, x. 



For x =0.20, the magnetic entropy change has an usual behavior for temperatures above 100 K, where the magne- 
tization data (figure 6(a)) has also a well shaped feature. However, below 100 K, the magnetization starts to increase 
faster as the temperature is further decreased, as already discussed in Section IV, and it is possibly related to the 
closed vicinity of this sample to the spin-canted structure that arise below x — 0.15±2i2±i2£i22i (see figure 2). Thus, the 
anomalous behavior found for T<100 K on the magnetic entropy change of £=0.20 can also be explained considering 
the influence of the spin-canted structure. On the other hand, for x =0.25 and 0.30, concentrations completely em- 
bedded within the ferromagnetic region, a very usual behavior for AS M are found for both, as sketched in figure 8. We 
consider, in the case of x =0.25 and 0.30, that the contribution to the magnetic entropy change is purely due to the 
spin magnetic moment of the sample. However, for samples with concentrations above x ^0.30, the charge-ordering 
arrangement plays a decisive role. When the temperature is further decreased, the magnetic entropy change AS M 
follows an usual shape until reach the onset temperature for the charge-ordering Tqo , below which such behavior is 
completely broken, as can be observed in figure 8. 

To analyze this intriguingly feature, we consider two different contributions to the total magnetic entropy change 
A5 M : one refers to the spin rearrangement AS spin , and the other concerns to the charge ordering rearrangement AS co , 
as follow: 



AS M = AS spin + AS co (3) 

Thus, considering that the spin contribution to the total magnetic entropy change of x >0.30 is almost similar 
to the purely spin contribution of x =0.30, shifted to its T C rit, we can satisfactorily estimate the charge-ordering 
contribution. Thus, figure 9 presents the CO and spin contribution to the total magnetic entropy change AS M , for 
(a)x =0.32, (b)0.35 and (c)0.40. 



The behavior of the positive charge-ordering contribution, that peaks at Tat, can be understood as follow. For 
Tat <T<Tco, i-e., in the paramagnetic phase, the applied magnetic field force a rude alignment of the spins, increasing 
the Mn 3+ -Mn 4+ electron hopping and decreasing the concentration of Mn 3+ -Mn 4+ charge-ordered, when compared 
with the zero field case. Consequently, the entropy due the CO increase under an external applied magnetic field, 
allowing an positive CO entropy change. However, for temperatures immediately below Tat, the applied magnetic field 
favors the increasing of the antiferromagnetic spin arrangement, comparing to the case without field, and, consequently, 
the decreasing of the Mn 3+ -Mn 4+ electron mobility. Thus, the concentration of Mn 3+ -Mn 4+ charge-ordered increases, 
implying in the decreasing of the entropy change due the charge-order, under an applied magnetic field. 

The magnetic entropy change for several values of magnetic field change (AH: 0— > 1; 2; 3 and 4 T) are sketched in 
figure 10, for x =0.32. Both contributions: charge-order (estimated) and spin (x =0.30), follow the usual magnetic 
field dependence. 

B. MCE around T* 

The larger values of magnetic entropy change were obtained around T*, where, again, the charge-ordering features 
found in these manganites plays a decisive role to the MCE (see figure 1). The value of AS M vanishes exactly at T*, 
being highly negative (positive) for higher (lower) temperatures. For x =0.32, for instance, A5 M reach -19.4 J kg -1 
K" 1 at 32 K, and 13.4 J kg" 1 K" 1 at 14 K. Figure 11 sketched these features for x =0.32, 0.35 and 0.40, under 4 T 
of magnetic field change. For the sake of clearness, table II presents the larger values of A5 M found in these samples, 
comparing with reported values of others metals and manganites. 

However, the positive A5 M below T* can assume different values, depending on the process in which the magneti- 
zation data were obtained. As already discussed in section IV, the M vs. T curves, build from several M vs. H curves, 
have different features depending if the experimental setup performs or not a magnetic field oscillation, around zero 
field, to avoid residual field on the coils for the next M vs. H curve (see figure 7(a)). Thus, figure 12 presents the 
magnetic entropy change, under 4 T of magnetic field change and x =0.32, with both cases: with and without the 
oscillating magnetic field. For the last case, the positive AS M is almost suppressed, and this feature are probably 
related to the metallic state in which is the sample (for T<T*), since an applied magnetic field induce a completely 
irreversible insulator- metal transition for temperatures below T*, as already discussed in section II. 

The temperature dependence of the magnetic entropy change has an usual tendency with respect to several values 
of magnetic field change, as presented in figure 13, for x =0.32 and A H:0— >1; 2; 3 and 4 T. 

VI. CONCLUSION 

In the present work, we found an anomalous magnetic entropy change for x >0.30 (concentrations exhibiting 
charge-ordering phenomenon). The results could be explained considering a spin and charge-ordering contributions to 
the total magnetic entropy change. Moreover, we found an extremely large value for the entropy variation, that occurs 



TABLE I: Values obtained for T*, the onset temperature below which the field-induced insulator- metal transition is completely 
irreversible; Too, charge-ordering temperature; the critical temperature T C rit, obtained form the maximum of dxnc/dT; P , 
the paramagnetic Curie temperature; and, finally, p e ff, the paramagnetic effective moment. 
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FIG. 6: Temperature dependence of the magnetization data, for (a)a; =0.20 and (b)x =0.30. The graphic was built from the 
measured M vs. H curves, for several temperatures. 
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FIG. 7: Temperature dependence of the magnetization data, for (a)a; =0.32 and (b)a; =0.40. The graphic was built from the 
measured M vs. H curves. For all measurements, when the magnetic field is turned off, it oscillates around zero field in order 
to avoid residual field to the next M vs. H curve, except for the data presented in the inset. 




FIG. 8: Temperature dependence of the magnetic entropy change, around T cr it, under 4 T of magnetic field change, for x =0.20; 
0.25; 0.30; 0.32; 0.35 and 0.40. 



0) 



0) 



01 



(/) 



4 
2 




-4 



2 







2 

-2 
-4 



AH: -> 4T 



AS 



x=0.32 



CO 



(a) 



'a«? . _x=0.30 

AS . =AS„ 

spin M 

H 1 1 h 



x=0.35 



AS 



CO 



CO 



AS 



M 



AS 



(b) 



spin 



+ 



AS 



CO 



x=0.40 
T 



CO 



AS 



M 



(c) 



AS 



spin 







100 200 
T(K) 



300 



FIG. 9: Spin contribution AS^, it , and charge-ordering contribution ASco to the total magnetic entropy change AiSm, for 
(a)x = 0.32, (b)a; = 0.35, and (c)a; = 0.40, and under 4 T of magnetic field change. 



at a characteristic temperature T*. Other manganites showing the characteristic temperature T* (see ref^i), can 
also present large magnetic entropy change, and, consequently, a great potential to be employed in various thermal 
devices. 

In some previous publications^^i^ we pointed out that the unusual properties of manganites result from their 
magnetic non-extensivity, in the sense of Tsallis statistics^. Such an approach is being applied to the analysis of the 
present results and will be published elsewhere. 




100 200 300 



T(K) 



FIG. 10: Temperature dependence of the (a) charge-ordering contribution AS C o and (c) spin contribution A£? spin to the (b) 
total magnetic entropy change AS M , under several values of magnetic field change and x =0.32. 
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